The approval of upfront abiraterone for castration-sensitive prostate cancer and the approval of enzalutamide and apalutamide for non-metastatic castration-resistant prostate cancer have led to early utilization of potent androgen receptor (AR) signaling inhibitors in treating advanced prostate cancer. There is an unmet need to develop novel therapies beyond targeting AR signaling for metastatic castration-resistant prostate cancer (mCRPC). Poly (ADP-ribose) polymerase inhibitors (PARPi) belong to a class of targeted agents being developed for the treatment of homologous recombination repair (HRR) deficient tumors. Olaparib, rucaparib, niraparib, veliparib, and talazoparib were evaluated in early phase trials as a monotherapy for HRR-deficient mCRPC. Among them, olaparib and rucaparib have breakthrough designations for BRCA1/2-mutated mCRPC. Phase II studies also reported clinical activity of the PARPi and abiraterone combination and the PARPi checkpoint inhibitor combination in HRR-intact mCRPC. Ongoing phase III trials are testing these combinations as frontline or later line treatments for mCRPC. This review summarizes the critical clinical data as well as ongoing clinical trials for developing PARPi in treating mCRPC.
Introduction
The intricacies of the genomic landscape of prostate cancer are continuously being unraveled with increased abilities to sequence the tumor DNA, and cell free circulating tumor DNA. Analysis of pooled next-generation sequencing (NGS) data involving a total of 962 prostate cancer patients reported 11.8% of metastatic prostate cancer patients and 4.6% of localized prostate cancer patients carried germline deleterious mutations in DNA damage repair (DDR) genes [1] . Among these DDR genes, the majority of them were involved in DNA homologous recombination repair (HRR) with BRCA2 (5.3%) being the most common mutated gene, followed by CHEK2 (1.9%), ATM (1.6%), and BRCA1 (1%). Cells compensate for deleterious mutations in BRCA1 or BRCA2 by upregulating the poly (ADP-ribose) polymerase (PARP) enzyme complex to continue the cell cycle [2] . PARP binds directly to single-strand DNA breaks, catalyzes the cleavage of nicotinomide adenine dinucleotide-plus into nicotinamide and ADP-ribose, poly (ADP-ribosyl) ation, then occurs through attaching several ADP-ribose to the target protein. The PARP family is currently comprised of 18 members. PARP1 and PARP2 are known to be involved in DNA damage repair. PARP1 knock-out mice display no phenotypic abnormalities. Cells lacking PARP1 show normal apoptotic responses to treatment with antibodies against FAS, TNF-alpha, gamma-irradiation, and dexamethasone, indicating that PARP1 is dispensable in apoptosis.
PARP inhibitors (PARPi) work at the DNA level during replication by forming a complex with the PARP1 and PARP2 enzymes. Inhibition of PARP with PARPi leads to unrepaired DNA breaks that
Current Food and Drug Administration-Approved PARP Inhibitors
There are currently five PARPi being tested in clinical trials for various solid tumors (Table 1) . Among them, olaparib was first approved in December 2014 for treating germline BRCA-mutated (gBRCAm) metastatic ovarian cancer after three or more lines of chemotherapy. This accelerated approval was based on an objective response rate (ORR) of 34% and a median duration of response (DOR) of 7.9 months in a single-arm phase II study involving 137 participants with heavily pre-treated gBRCAm ovarian cancer [12] . The BRACAnalysis CDx's test was also approved as a companion diagnostic. Rucaparib was later approved in 2016 for the same disease setting with inclusion of somatic as well as germline BRCA mutations. PARP inhibitors (PARPi) work at the DNA level during replication by forming a complex with the PARP1 and PARP2 enzymes. Inhibition of PARP with PARPi leads to unrepaired DNA breaks that are normally repaired by the HRR during cell cycle late S to G2 phase. Unlike non-homologous end joining, HRR requires a homologous DNA template and is considered a high-fidelity pathway to repair the double-strand DNA breaks. Cancer cells with deleterious mutations in BRCA1 or BRCA2 have defective HRR and the unrepaired DNA after treatment with PARPi will eventually lead to cancer cell death, a phenomenon called synthetic lethality. More recently, PARPi have been shown to trap the PARP1 and PARP2 enzymes at the damaged DNA. Trapped PARP-DNA complexes were more cytotoxic than unrepaired single-strand breaks caused by PARP inactivation [3] .
Besides BRCA1 [4] , BRCA2 [5] , preclinical studies indicate that deleterious mutations in other genes in the HRR pathway might be associated with PARPi sensitivity. These include ATM [6] , ATR [7] , CHK1 [7] , CHK2 [7] , DSS1 [7] , RPA1 [7] , NBS1 [7] , FANCD2 [7] , FANCA [7] , FANCC [7] , CDK12 [8] , PALB2 [9] , PTEN [10] , RAD51C [11] , and RAD54 [7] . In this review, we will discuss existing and emerging data on the development of PARPi in the treatment of advanced prostate cancer.
There are currently five PARPi being tested in clinical trials for various solid tumors (Table 1) . Among them, olaparib was first approved in December 2014 for treating germline BRCA-mutated (gBRCAm) metastatic ovarian cancer after three or more lines of chemotherapy. This accelerated approval was based on an objective response rate (ORR) of 34% and a median duration of response (DOR) of 7.9 months in a single-arm phase II study involving 137 participants with heavily pretreated gBRCAm ovarian cancer [12] . The BRACAnalysis CDx's test was also approved as a companion diagnostic. Rucaparib was later approved in 2016 for the same disease setting with inclusion of somatic as well as germline BRCA mutations. PARP inhibitors (PARPi) work at the DNA level during replication by forming a complex with the PARP1 and PARP2 enzymes. Inhibition of PARP with PARPi leads to unrepaired DNA breaks that are normally repaired by the HRR during cell cycle late S to G2 phase. Unlike non-homologous end joining, HRR requires a homologous DNA template and is considered a high-fidelity pathway to repair the double-strand DNA breaks. Cancer cells with deleterious mutations in BRCA1 or BRCA2 have defective HRR and the unrepaired DNA after treatment with PARPi will eventually lead to cancer cell death, a phenomenon called synthetic lethality. More recently, PARPi have been shown to trap the PARP1 and PARP2 enzymes at the damaged DNA. Trapped PARP-DNA complexes were more cytotoxic than unrepaired single-strand breaks caused by PARP inactivation [3] .
There are currently five PARPi being tested in clinical trials for various solid tumors (Table 1) . Among them, olaparib was first approved in December 2014 for treating germline BRCA-mutated (gBRCAm) metastatic ovarian cancer after three or more lines of chemotherapy. This accelerated approval was based on an objective response rate (ORR) of 34% and a median duration of response (DOR) of 7.9 months in a single-arm phase II study involving 137 participants with heavily pretreated gBRCAm ovarian cancer [12] . The BRACAnalysis CDx's test was also approved as a companion diagnostic. Rucaparib was later approved in 2016 for the same disease setting with inclusion of somatic as well as germline BRCA mutations. In the setting of maintenance therapy, olaparib, niraparib, and rucaparib have been approved for adult patients with recurrent epithelial ovarian, fallopian tube, or primary peritoneal cancer who are in a complete or partial response to platinum-based chemotherapy. These approvals were based on improved progression-free survival (PFS) with PARPi maintenance therapy compared to placebo in randomized, double-blinded studies (study 19 [13] , ARIEL3 [14] , and NOVA [15] ). Of note, testing for BRCA mutations is not required under these approvals. Response to platinum-based therapy was used as a biomarker to predict response to PARPi. Indeed, statistically significant improvement in PFS was observed in non-gBRCAm ovarian cancers in the phase III NOVA trial with niraparib, but the group with gBRCAm had the longest improvement in PFS followed by the group with homologous recombination repair deficiency (HRD) and non-gBRCAm ovarian cancer. Long-term follow-up on the olaparib maintenance study also reported improvement of overall survival (OS) compared to placebo irrespective of BRCA1/2 mutation status [16] . More recently, olaparib was approved in December 2018 as a maintenance treatment for patients with deleterious or suspected deleterious gBRCAm or somatic BRCA-mutated advanced epithelial ovarian, fallopian tube, or primary peritoneal cancer who were in complete or partial response to first-line platinum-based chemotherapy. Such approval was based on significant reduction in the risk of disease progression or death by 70% with olaparib maintenance therapy compared to placebo in the phase III SOLO-1 study (HR 0.30 (95% CI 0.23-0.41), p < 0.0001) [17] .
Outside of ovarian cancer, olaparib and talazoparib were approved by the FDA to treat gBRCAm, HER2-negative, locally advanced, or metastatic breast cancer patients who have received treatment with an anthracycline and/or a taxane (unless contraindicated) in the neoadjuvant, adjuvant, and/or metastatic treatment setting. Both approvals were based on significant improvement of PFS when compared to physician's choice of chemotherapy in the randomized OlympiAD (NCT02000622) and EMBRACA (NCT01945775) trials [18, 19] .
Although the PARPi under clinical development have distinct structures, different PARP trapping potency and half-lives (Table 1) , cytopenias (particularly anemia), fatigue, and nausea are the most common side effects shared by this class of agents. Serious side effects like myelodysplastic syndrome/acute myeloid leukemia (<2%) have been reported with this class of agents. Due to this risk of secondary malignancy, PARPi have not been evaluated in treating early stage cancer.
PARPi as Monotherapy for Metastatic Prostate Cancer
The landmark phase I study with olaparib reported a >50% reduction in the prostate-specific antigen (PSA) level and resolution of bone metastases after 58 weeks of treatment in a metastatic castration-resistant prostate cancer (mCRPC) patient with germline mutations in BRCA2 (Table 2 ) [20] . The dose escalation phase I trial with veliparib included 70 patients with BRCA2-mutated mCRPC. The ORR was 37% and among three patients who received the recommended phase II dose of veliparib, their ORR was 66% [21] .
The promising responses observed in these phase I studies led to a phase II trial with olaparib in 49 mCRPC patients, who have progressed through standard of care options, including abiraterone, enzalutamide, docetaxel, and cabazitaxel [22] . The primary endpoint was the response rate, defined either as an ORR according to RECIST 1.1, or as a reduction of at least 50% in the PSA level, or a confirmed reduction in the circulating tumor-cell count from five or more cells per 7.5 mL of blood to less than five cells per 7.5 mL. Targeted NGS, exome and transcriptome analysis, and digital polymerase-chain-reaction testing were performed on mandated tumor biopsies. Among the 16 responders, 14 were harbored deleterious genomic alterations in DNA repair genes and most of these genomic alterations were somatic mutations. All seven patients with BRCA2 loss (four with biallelic somatic loss, and three with germline mutations) and four of five with ATM aberrations responded to olaparib. Both patients with either single copy or homozygous deletion of PALB2 responded to olaparib, whereas two of three patients with homozygous deletion of FANCA and one of two patients with homozygous deletion of CHEK2 responded to olaparib. Based on these data, olaparib was granted breakthrough therapy designation by the FDA for treatment of BRCA1/2 or ATM mutated mCRPC. TRITON2 is a phase II study that evaluates rucaparib 600 mg twice a day in patients with a deleterious germline or somatic alteration in BRCA1, BRCA2, or one of 13 other prespecified HRR genes. Patients who progressed on one or two lines of androgen receptor-directed therapy and one prior line of taxane-based chemotherapy for mCRPC are eligible. Prescreening for HRR deficiency with NGS is based on circulating tumor cell (CTC) free DNA and/or tumor biopsy. The primary endpoint that was centrally assessed confirmed ORR per modified RECIST v1.1 for patients with measurable disease and confirmed PSA response (≥50% decrease) in patients without measurable disease. When the initial data were reported at the ESMO 2018, 11 of the 23 patients with BRCA mutations had confirmed PSA response (47.8%) [30] . Additionally, 5 of the 11 BRCA patients had confirmed radiographic responses (45.5%) and only one patient (1.9%) discontinued rucaparib due to toxicity. Based on these data, FDA granted rucaparib breakthrough therapy designation for BRCA1/BRCA2-mutated mCRPC in late 2018. The latest update on this trial was presented at the 2019 American Society of Clinical Oncology (ASCO) annual meeting; among evaluable patients with either germline or somatic deleterious BRCA1/2 alterations, 44.0% (11/25) had a confirmed radiographic response and 51.1% (23/45) had a confirmed PSA response [31] . Among the 13 preselected HRR genes, most of the responses to rucaparib were observed in patients with BRCA1 or BRCA2 mutations. A high concordance rate in detecting mutations in HRR genes was observed between plasma tumor cell free DNA and tumor biopsies.
Niraparib was tested in the phase II GALAHAD study on 39 mCRPC patients with mutations in BRCA1, BRCA2, ATM, FANCA, PALB2, CHEK2, BRIP1, or HDAC2. The patient population is very similar to TRITON2, i.e., progression on a taxane and at least one androgen-receptor signaling inhibitor in the mCRPC setting. A plasma-based test was developed to screen patients with mutations in these genes. Preliminary results were reported at ASCO Genitourinary Cancers Symposium in early 2019; among 23 patients with BRCA mutations, a 38% (5/13) ORR by RECIST, a 57% (13/23) PSA response (decline ≥50%), and 48% (11/23) CTC conversion from above 5 to below 5 were observed [24] . In 16 patients without BRCA mutations, the ORR, PSA response, and CTC conversion were 11% (1/9), 6% (1/16), and 31% (5/16), respectively [24] . The toxicity profile is similar to other PARPi with anemia (25%) and thrombocytopenia (15%) being the most common grade 3/4 AEs.
TALAPRO-1, is a phase II study testing talazoparib in the post-taxane mCRPC population similar to TRITON2. This study had a primary endpoint of ORR with secondary endpoints including time to ORR, DOR, ≥50% decline in PSA, decline of CTC to 0 and <5/7.5 mL blood, time to PSA progression, PFS, and OS. Clinical efficacy and safety data for this trial have not been reported [32] .
In summary, preliminary data from phase II PARPi trials have demonstrated more than 50% PSA response rates and around 40% soft tissue response rates in BRCA1/2-mutated mCRPC patients who had progression through at least one line of taxane-based chemotherapy and AR signaling inhibitors like abiraterone acetate or enzalutamide. The PARPi activity in non-BRCA mutated prostate cancer remains to be proven. Overall PARPi is well tolerated in this post-chemotherapy mCRPC population. Non-hematological grade 3/4 AEs from PARPi treatment were typically below 10%. With transfusion supports and dose adjustments, mCRPC patients rarely discontinue PARPi due to grade 3/4 anemia or thrombocytopenia.
The clinical efficacy and safety of PARPi compared to AR signaling inhibitor in DDR-mutated mCRPC in the pre-chemotherapy setting are being tested in two ongoing phase III trials, PROfound (NCT02975934) and TRITON3 (Table 3) . Based on the cross resistance between abiraterone and enzalutamide [33] , the investigators hypothesize that PARPi would prolong PFS compare to enzalutamide or abiraterone in patients with DDR-mutated (15 select genes) mCRPC who progressed on an androgen-receptor signaling inhibitor. The PROfound trial with olaparib has completed its enrollment and the enrollment for TRITON3 is ongoing [34] . 
PARPi Combinations for Treating Metastatic Prostate Cancer
Due to the common side effects of cytopenia, it has been challenging to combine PARPi with cytotoxic chemotherapy. Veliparib and temozolomide is the only reported chemotherapy combination study in mCRPC [26] . Although temozolomide had no single-agent activity against prostate cancer, preclinical cell line and mouse models showed potential synergy between veliparib and temozolomide. This multi-center pilot study did not preselect patients for HRR deficiency. At the time of the report in 2014, only one of 25 evaluable mCRPC patients had a PSA decline of ≥30 (8.0%) [25] . The median PFS and time to progression were only nine weeks [25] . Combining veliparib with temozolomide was well tolerated, with thrombocytopenia (23%) and anemia (15%) being the most common grade 3/4 AEs. Among the PARPi under clinical testing, veliparib is the weakest PARPi in terms of PARP trapping and has the shortest half-life (Table 1) . It is the only PARPi that is being combined with cytotoxic chemotherapy in ongoing phase II or III trials in advanced solid tumors.
The recurrent fusions between the androgen-regulated TMPRSS2 and ETS transcription factor genes (primarily ERG) occur in about 50% of primary prostate cancers [35] . Preclinical studies showed that PARP1 can interact with ERG, and inhibition of PARP1 enhanced DNA double-strand breaks induced by ERG overexpression and slowed the growth of ERG-positive prostate cancer cells [35] . Further preclinical work demonstrated that PARP1 regulated AR association with chromatin, and controlled AR function. PARP1 inhibition diminished AR activity and sensitized prostate cancer cells to both DNA damage and androgen depletion [36] . Based on these preclinical data, Hussain et al. conducted a phase II randomized study comparing abiraterone and veliparib versus abiraterone alone in 148 patients with mCRPC and these patients were pre-stratified based on the ETS fusion status. The study found no difference in PSA response rate for mCRPC patients treated with abiraterone alone versus abiraterone with veliparib (63.9% vs. 72.4%; p = 0.27) [26] . Furthermore, no statistically significant difference in ORR and the median PFS were noted between the two treatment arms (ORR, 45.0% vs. 52.2%; p = 0.51 and median PFS, 10.1 vs. 11 months; p = 0.99). ETS fusion positive mCRPC also lacked benefit from the abiraterone and veliparib combination. Exploratory analysis of this trial did find that mCRPC with DDR mutations had significantly higher PSA responses and longer PFS with the abiraterone and veliparib combination. Additional exploratory analysis revealed that mCRPC with mutations in PTEN, TP53, and PIK3CA had a significantly worse outcome in terms of PFS (PTEN, 13.5 vs. 6.7 months, p = 0.02; TP53, 13.5 vs. 7.7 months, p = 0.01; PIK3CA 13.8 vs. 8.3 months; p = 0.03).
The role of PARP1 in regulating AR function in prostate cancer and the potential synergy between PARPi and AR signaling inhibitor was tested in another phase II randomized, double-blind study comparing olaparib and abiraterone versus placebo and abiraterone in mCRPC [27] . In this study involving 142 mCRPC patients, olaparib and abiraterone significantly improved radiographic PFS (13.8 vs. 8.2 months; HR 0.65, 95% CI 0.44-0.97 and a p = 0.034) with serious AE reported in 24/71 patients (34%) vs. 13/71 (18%) in the control arm. Myocardial infarction was noted in four patients (6%) treated with olaparib and abiraterone versus none in the control arm. Compared to the negative results from the veliparib and abiraterone combination, the improved clinical efficacy and increased toxicity of the olaparib and abiraterone combination is probably attributed to the more potent PARP trapping activity with olaparib compared to veliparib. Based on the efficacy and safety reported in this phase II trial, an ongoing phase III PROpel study (NCT03732820) is testing the abiraterone and olaparib combination versus abiraterone and placebo as a frontline therapy for mCRPC. The primary endpoint of this trial is PFS along with secondary endpoints including time to first subsequent therapy or death, time to pain progression, OS, and health-related quality of life. Of note, neither of these trials requires pre selection for DDR mutations. The effect of DDR mutations on primary endpoint was included in the exploratory analyses.
The phase II randomized, multi-center BRCAAway study (NCT03012321) is another ongoing study testing the combination of PARPi and AR signaling inhibitors as a frontline therapy for mCRPC. Unlike the trials discussed above, this three-arm study preselects patients based on loss of ATM, BRCA1, or BRCA2 on tumor biopsies. Patients are randomized 1:1:1 to abiraterone versus olaparib versus abiraterone and olaparib [37] .
Talazoparib is also tested in an ongoing phase III trial, TALAPRO-2 (NCT03395197), in combination with enzalutamide compared to enzalutamide alone as a frontline therapy for patients with asymptomatic or mildly symptomatic mCRPC. This trial pre-stratified patients in two cohorts of mCRPC: DDR-mutated and DDR wild-type [38] . The primary endpoint of this trial is PFS in both cohorts along with OS as a secondary endpoint.
The MAGNITUDE study is testing the combination of niraparib with abiraterone compared to abiraterone alone in patients with treatment-naïve mCRPC. This study will stratify patients into two cohorts DDR-mutated and DDR wild-type. The primary endpoint of this trial is PFS in both cohorts along with OS, time to chronic opioid use, time to pain progression, and time to initiation of chemotherapy are the secondary endpoints (NCT03748641).
PARP inhibition has been shown to increase PD-L1 expression in DDR-mutant cancer cells [39] . A recent update of cohort A of Keynote-365 (NCT02861573) reported 32% disease control rate (DCR) of ≥6 months with the olaparib and pembrolizumab combination in post-docetaxel M1 CRPC [28] . Of note, none of the 41 subjects had DDR deficiency. Anemia (27%), neutropenia, fatigue (7%), and asthenia (7%) were the most common grade 3-4 AEs. The potential synergy between PARPi and anti-PD1 or anti-PDL1 therapy was also observed in a small phase II study combining olaparib with durvalumab in M1 CRPC; two of the 17 patients without DDR mutations had a ≥30% decline in PSA [29] . KEYLINK-010 is a phase III study for mCRPC patients who have progressed though one line of AR signaling inhibitor. It tests the hypothesis that the olaparib and pembrolizumab combination will work better than the second line AR signaling inhibitor (NCT03834519). There is no preselection for deleterious mutations in HRR genes required for this trial; PFS and OS are the co-primary endpoints.
In another multicenter, phase III study of pembrolizumab and olaparib, patients with mCRPC and having progressed on an androgen-receptor signal inhibitor are randomized to receive either this combination or abiraterone or enzalutamide.
Future Directions
The approval of upfront abiraterone for castration-sensitive prostate cancer and the approval of enzalutamide and apalutamide for non-metastatic castration resistant prostate cancer have led to early utilization of potent AR signaling inhibitors in treating advanced prostate cancer. There is an unmet need to develop novel therapies beyond targeting AR signaling for mCRPC. Although PARPi have not been approved for treating prostate cancer yet, both olaparib and rucaparib have FDA-breakthrough designations for BRCA1/2-mutated mCRPC. PARPi will likely become the first targeted therapy for HRR-deficient mCRPC. Although all the PARPi under development have shown single-agent activity for BRCA1/2-mutated prostate cancer, the efficacy and safety profiles seem to correlate their potency in PARP trapping when PARPi are being combined with abiraterone. Data from ongoing clinical trials will help to address the questions on whether we can apply PARPi beyond BRCA1/2-mutated prostate cancer; whether combining PARPi with either AR signaling inhibitors or checkpoint inhibitors will work better in HRR-deficient mCRPC than HRR-intact mCRPC. Other PARPi combinations being tested in clinical trials include combining with radiopharmaceutical, Radium-223 (NCT03317392), and combining with anti-angiogenesis agent, cediranib (NCT02893917) ( Table 3) . Additionally, employing the use of PARP1 positron emission tomography may help to inform decision making regarding which patients to use PARPi in after stratification based on HRR deficiency or in combination trials [40] . Due to the lack of long-term follow-up data on the safety of PARPi-treated mCRPC and the secondary malignancy (myelodysplastic syndrome, acute myeloid leukemia) observed in PARPi-treated ovarian and breast cancer patients, we would caution testing PARPi or PARPi combinations in early phase prostate cancer.
